The motor system responds to perturbations with reflexes, such as the vestibulo-ocular reflex or stretch reflex, whose gains adapt in response to novel and fixed changes in the environment, such as magnifying spectacles or standing on a tilting platform. Here we demonstrate a reflex response to shifts in the hand's visual location during reaching, which occurs before the onset of voluntary reaction time, and investigate how its magnitude depends on statistical properties of the environment. We examine the change in reflex response to two different distributions of visuomotor discrepancies, both of which have zero mean and equal variance across trials. Critically one distribution is task relevant and the other task irrelevant. The task-relevant discrepancies are maintained to the end of the movement, whereas the task-irrelevant discrepancies are transient such that no discrepancy exists at the end of the movement. The reflex magnitude was assessed using identical probe trials under both distributions. We find opposite directions of adaptation of the reflex response under these two distributions, with increased reflex magnitudes for task-relevant variability and decreased reflex magnitudes for taskirrelevant variability. This demonstrates modulation of reflex magnitudes in the absence of a fixed change in the environment, and shows that reflexes are sensitive to the statistics of tasks with modulation depending on whether the variability is task relevant or task irrelevant.
Introduction
Previous studies examining reflex responses have found that the gain of a reflex response can be adapted by the CNS. Examples include, the vestibulo-ocular reflex under magnifying glasses (Robinson, 1976; Miles and Eighmy, 1980) , the H-reflex between different locomotory activities (Capaday and Stein, 1986; Llewellyn et al., 1990) , and reflexes during postural tasks (Nashner, 1976; Akazawa et al., 1983; Horak and Nashner, 1986; Doemges and Rack, 1992a,b) , catching tasks (Lacquaniti and Maioli, 1987; Lacquaniti et al., 1991 Lacquaniti et al., , 1992 , unstable environments (De Serres and Milner, 1991; Fitzpatrick et al., 1994; Franklin et al., 2007) , cyclical movements (Dufresne et al., 1980; Brown and Kukulka, 1993; Johnson et al., 1993; Pearson and Misiaszek, 2000; Zehr et al., 2003) or under different task instructions (Hammond, 1956; Evarts and Tanji, 1974; Barr et al., 1976; Crago et al., 1976; Rothwell et al., 1980; Pruszynski et al., 2008) or limb dynamics Soechting, 1984, 1986a,b; Kurtzer et al., 2008) . However, in all these cases the change in the reflex response is induced either by a fixed change in the environment, e.g., magnifying glasses, or by task requirements linked to different states of the body e.g., different stages of locomotion. Here we investigate whether a change in the reflex magnitude occurs in response to a varying environment in which the net disturbance is zero. To do this we examine a visuomotor reflex that allows precise control over the statistics of the disturbance.
Rapid motor responses to visual signals occur in response to the presentation of a visual stimulus (Corneil et al., 2004 (Corneil et al., , 2008 , shifts in the target location (Soechting and Lacquaniti, 1983) , the entire background (Saijo et al., 2005) and in the representation of the hand position (Sarlegna et al., 2003; Saunders and Knill, 2003 , 2004 . The visually induced corrective responses to target jumps occur relatively quickly (150 ms) after the representation of the hand or target moves and do not require subjects to consciously perceive these movements Prablanc and Martin, 1992) . While this previous work has shown fast visually induced motor reflexes to movements of the target (Day and Lyon, 2000) or background (Saijo et al., 2005; Gomi et al., 2006) , it has not previously been clear that responses to the visual movement of the hand location (visuomotor discrepancy) rely on an involuntary reflex response. Here, we show that this response is reflexive in nature and, moreover, we examine the change in the magnitude of the visuomotor reflex induced by a statistical distribution of discrepancies experienced over many trials. The mean visuomotor discrepancy was chosen to be zero with a fixed variance across trials. Therefore, this discrepancy added visual uncertainty about the location of the hand position. In one condition the visuomotor discrepancy was maintained until the end of the movement while in a second condition the discrepancy was transitory: the former represents task relevant variability because it requires a corrective response to reach the target while the latter is task irrelevant because no correction is necessary for task achievement. We examine the effect of the forms of variability on reflex adaptation.
Materials and Methods
Ten subjects (six male and four female) with no reported neurological disorders participated in the main study (mean age: 26 Ϯ 5 years). A second group of 10 subjects (eight male and two female) (mean age: 31 Ϯ 5 years), one of whom also participated in the main study, were recruited to participate in a control experiment. All subjects were right-handed according to the Edinburgh handedness inventory (Oldfield, 1971) . Subjects gave informed consent and the experiments were approved by the institutional ethics committee.
Experimental setup. Movements investigated in this study were right-handed forward reaching movements in the horizontal plane at ϳ10 cm below the subjects' shoulder level. The forearm was supported against gravity with an air sled. The handle of the robotic manipulandum (vBOT) used to generate the environmental dynamics was grasped by the subject (Fig. 1 A) . Position and force data were sampled at 1 kHz. Endpoint forces at the handle were measured using an ATI Nano 25 six-axis force-torque transducer (ATI Industrial Automation). Visual feedback was provided using a computer monitor mounted above the vBOT and projected veridically to the subject via a mirror. This virtual reality system covers the manipulandum, arm and hand of the subject preventing any visual information of their location. The delay of the computer monitor for presentation of visual feedback was determined to be 16 ms. Results in this study are presented relative to the onset of the actual perturbation time. This means that the monitor delay has been taken into account such that delay times are relative to the time at which the visual signal was actually presented.
Movements were made from a 1.0 cm diameter start circle centered 28.0 cm in front of the subject to a 2.0 cm diameter target circle centered 25 cm in front of the start circle. The subjects' arm was hidden from view by the virtual reality visual system on which the start and target circles, as well as a 0.6 cm diameter cursor used to track instantaneous hand position, were projected. Subjects were instructed that they were required to perform successful movements to complete the experiment. Successful movements were defined as those which entered the target without overshooting and with movement durations in the range 700 Ϯ 75 ms. When subjects performed successful movements, a counter increased, and subjects were instructed that they needed to keep making successful movements until the counter reached a certain number (200 movements in each phase of the experiment). When subjects performed unsuccessful movements they were provided with feedback as to why the movement was not considered successful ("too fast," "too slow," "overshot target"). Trials were self paced; subjects initiated a trial by moving the hand cursor into the start circle and holding it within the target for 450 ms. A beep then indicated that the subjects could begin the movement to the target. The duration of the movement was determined from the time that the subjects exited the start target until the time that subject's entered the final target.
Electromyography. Surface electromyography (EMG) was recorded from two monoarticular shoulder muscles: pectoralis major and poste-rior deltoid; two biarticular muscles: biceps brachii and long head of the triceps; and two monoarticular elbow muscles: brachioradialis, and lateral head of the triceps. EMG was recorded using the Delsys Bagnoli (DE-2.1 Single Differential Electrodes) electromyography system. The electrode locations were chosen to maximize the signal from a particular muscle while avoiding cross talk from other muscles. The skin was cleansed with alcohol and prepared by rubbing an abrasive gel into the skin. This was removed with a dry cloth and the gelled electrodes were secured to the skin using double-sided tape. The EMG signals were analog bandpass filtered between 20 and 450 Hz (in the Delsys Bagnoli EMG Figure 1. The experimental setup. A, The subject grasps the robotic vBOT while seated. Visual feedback is presented veridically using a top mounted computer screen viewed through a mirror. The subject's forearm is fixed to and supported by an airsled. B, The visual perturbations (probe trials) used to examine the magnitude of the visually induced motor response. While the hand was mechanically constrained to a straight line trajectory to the target, the visual cursor representing the hand to the subject was smoothly displaced using a ramp, hold and ramp back to the actual hand position. C, Voluntary response experiment. On random trials the hand cursor is perturbed by the probe trials while the hand is constrained by a mechanical channel. Subjects are instructed to move their hand as quickly as possible in the same direction as the perturbation. D, Visuomotor discrepancy experiment. The visual cursor representing the subject's hand was manipulated in one of three ways in the latter half of the movements. In the normal condition (left) the cursor reproduced the hand trajectory exactly. In the task-relevant condition, the visual cursorsmoothlymovedawayfromthehandtrajectorytooneofsevenamplitudesandremainedasthispointfortherestofthemovement. In the task-irrelevant condition, the visual cursor smoothly moved away from the hand trajectory exactly as it did in the task-relevant condition but then returned smoothly such that it agreed with the physical hand position at the end of the movement. The double-sized task-irrelevant condition (right) was the same as the task-irrelevant condition but with amplitudes of twice the size. system) and then sampled at 2.0 kHz. The muscle activity of one subject was not included in the analysis due to the presence of noise in the signal Probe trials. Visually induced motor responses were examined in all the experiments by introducing a ramp and hold perturbations of the visual system ( Fig. 1 B) . In the middle of the movements to the target, the cursor representing the hand position was smoothly ramped away from the current hand position Ͼ50 ms, held at a distance of 1.5 cm for 130 ms and then smoothly returned to the actual hand position during the movement. The entire visual perturbation lasted for 230 ms. During this trial, the hand was physically constrained to the straight path between the start and final targets (mechanical channel trial generated by the vBOT). By constraining the physical hand location using the channel, no change in the arm configuration will occur, potentially producing stretch reflex responses or other physically induced motor responses that could contribute to the force or muscle activity. Second, any force produced in response to the visual perturbation can be measured against the channel wall using the force sensor. The other main property of this visual perturbation is that it returns to the actual hand trajectory. This means that the subjects do not need to respond to the visual perturbation to produce a successful movement to the target. This is in contrast to previous studies examining the responses to visual perturbations of the hand location, all of which required subjects to compensate for the visual disturbance (Sarlegna et al., 2003 (Sarlegna et al., , 2004 Saunders and Knill, 2003 , 2004 . These visual perturbations were applied at two different points during the movement (early: 10% of the movement distance; late: 45% of the movement distance) either to the left or right. For comparison a zero perturbation trial was also included in which the hand was held to a straight line trajectory to the target but the visual cursor remained at the hand position throughout the trial. The five perturbation trials were randomly applied during movements in a blocked manner such that each of the five perturbations was applied within a block of trials. All references within this study to a visual perturbation refer to these fast changes in visual feedback that occur on probe trials.
Experiment 1: timing of voluntary response. A shift in the visual location of the hand produces a corrective motor response Knill, 2003, 2004) . However, previous experiments have not confirmed whether this motor response is voluntary or involuntary in nature. This experiment was performed to determine the fastest time of voluntary response to a shift in the visual location of the hand and whether the motor response occurred before this time or not. In particular, we used a technique similar to that of Day and Lyon (2000) where subjects were asked to move in the same direction as a visual perturbation as quickly as possible. Because the motor response to the visual perturbation produces a force opposite to the perturbation direction, the main question is whether this response would still be present under this condition. If this response was voluntary in nature, we would expect that it would not longer be present. However, if the response was involuntary in nature then we would expect it to occur before the timing of the requested voluntary response and in the direction opposite to the voluntary response. Subjects were instructed to make reaching movements to the target such that a total of 200 successful movements were performed. On a random 40% of trials, a visual perturbation (probe trial) was applied in one of the two directions (left or right) at one of the two timings (early or late) as described previously under the heading "probe trials." Subjects were instructed to look for these visual perturbations and respond to them by producing a movement as quickly as possible in the same direction as the visual perturbation (Fig. 1C ). If a visual perturbation was produced then subjects were automatically credited with a successful trial.
Experiment 2: visuomotor discrepancy. This experiment was performed to examine whether the magnitude of the visually induced motor response can be controlled by the CNS and whether it is sensitive to the statistics of the physical world. Subjects performed reaching movements in several environments with various degrees of visuomotor discrepancies. Within each environment, the visually induced motor response magnitude was assessed on random trials by the use of probe trials (described in detail above). As the same probe trials were used in each of the environments, any changes in the magnitude of the motor response could be attributed to the influence of the surrounding trials. On all trials except for those containing probe trials, the hand was free to move within the plane. On the probe trials, the physical location of the hand was laterally constrained to move within the mechanical channel to the target as described previously.
As the probe trials were presented on random trials throughout the experiments in all of the fields, the time course of any adaptation from one environment to the next, or throughout the trials within an environment, could be assessed. In particular, subjects always started making movements in the normal environment (pre-normal), then either in the task-relevant or task-irrelevant environments, and finally back in the normal environment (post-normal). In this way any effects of the environments containing the visual discrepancies could be assessed against both the pre-exposure and post-exposure results in the normal environment.
Visual environments. Subjects made movements in one of three visual environments: normal, task-relevant and task-irrelevant ( Fig. 1 D) . In the normal condition there was no discrepancy between the visual path of the hand and the actual physical path of the hand. Subjects made straight movements to the target directly in front of them. In the task-relevant condition, at a point in the trajectory that was 40% of the distance to the target (10 cm from the start), the visual cursor representing the hand position underwent a smooth (minimum jerk) movement laterally to the movement direction to a distance from the set [Ϫ3, Ϫ2, Ϫ1, 0, 1, 2, 3] cm in 7.5 cm of the forward movement distance and remained at this location. Subjects were required to determine the appropriate response to bring the hand cursor back in to the target and be credited with a successful trial. In this condition, while the lateral change in the visual location of the hand position produces a visuomotor discrepancy, the visual signal provides reliable information about the amount of compensation that the subjects will need to produce to successfully complete the movement. In the task-irrelevant condition, 40% of the distance to the final target (10 cm from the start), the visual cursor representing the hand position underwent a smooth movement laterally (minimum jerk) to a distance from the set [Ϫ3, Ϫ2, Ϫ1, 0, 1, 2, 3] cm in 7.5 cm of forward movement and then returned to the actual hand position in the next 7.5 cm of forward movement in the same manner such that at the final target the hand position and cursor position were matched. While this condition initially produces an identical visuomotor discrepancy to the taskrelevant condition, the visual signal does not provide reliable information about the location of the hand at the end of the trial. Subjects returned their own hand to the start position, however no visual feedback of the hand position was provided until the subject's hand was within the final 5 cm of the start position. In such a manner, any mismatch between the subject's hand position and the target position due to the visuomotor discrepancy that might exist at the end of the movements was not obvious to the subjects.
Assessment of reflex magnitude. In all three environments the five different visual perturbation trials or probe trials ( Fig. 1 B) (as described in the section entitled probe trials) were presented on one third of the trials (5 probe trials within every 15 trials) to assess the reflex response. The first possible probe trial in a new environment occurred on the fifth trial such that subjects always experienced at least four trials in the environment before the first measurement of the reflex response. While lateral movement in the random probe trials was constrained by the mechanical channel, the subjects were free to move in any manner during all of the other trials.
Visual discrepancies and visual perturbations. These two terms are used within this manuscript to refer to two distinct visual manipulations. Visual discrepancies refer to the slow and smooth minimum jerk changes in the visual location of the hand which are applied to create the taskrelevant and task-irrelevant environments (Fig. 1 D) . In contrast, the term visual perturbation refers to the fast 230 ms shift in the visual feedback of the hand location which occurs on the probe trials ( Fig. 1 B) contained within all environments. All measurements of the reflex magnitude were made using these visual perturbations on the probe trials.
Protocol. To examine the effects of each of the two changed conditions (task-relevant or task-irrelevant) the responses were contrasted with the normal condition to get an appropriate baseline for both conditions. Subjects were randomly split into two groups. The first group experi-enced the task-relevant condition on day 1 and the task-irrelevant condition on day 2, whereas the second group experienced the conditions in the opposite order. On each day subjects first performed 200 successful movements in the normal condition (prenormal condition). After a short break the subjects performed 200 successful movements in either the task-relevant condition or task-irrelevant condition, followed again by a short break and 200 successful movements in the normal condition (postnormal condition).
Control condition. The visuomotor discrepancies (task-relevant and task-irrelevant) were matched in their amplitudes. However, the integrated signal size (over time or distance) would be smaller in the taskirrelevant environment. To demonstrate that any difference in the responses was not due to simply to differences in the integrated size, 10 subjects were recruited to perform a control condition in a taskirrelevant environment with amplitudes of double the original size ( Fig.  1 D) . The peak amplitudes for the visual discrepancies came from the set [Ϫ6, Ϫ4, Ϫ2, 0, 2, 4, 6] cm. Subjects first made movements in the null environment, followed by movements in the double-sized taskirrelevant environment after a short break. Finally after a second break, subjects again performed movements in the null environment. In contrast to the first set of experiments, subjects were required to make 300 successful movements in each phase of the experiment. All other parameters of the experimental design were kept constant.
Analysis. Analysis of the experimental data were performed using Matlab R14. EMG data were highpass filtered at 30Hz (fifth order Butterworth) to remove any movement artifact or offset. Individual trials were aligned on visual perturbation onset and averaged across repetitions. The response to the right visual perturbation was subtracted from the response to the left perturbation to provide a single estimate of the motor response to the visual perturbation. ANOVAs were examined in SPSS 16.0 using the general linear model. If a significant main effect was found, Tukey's honest significant difference (HSD) post hoc test was used to examine differences. Statistical significance was considered at the p Ͻ 0.05 level for all statistical tests.
To examine how quickly subjects were able to adapt to the visual discrepancies, two measures were examined. The first was the time it took subjects to place the cursor into the target measured from the onset of the discrepancy (or from the time at which the hand was at 10 cm from the start position for the normal condition). The second was the maximum perpendicular distance to the straight line joining the start and end target after the visual discrepancy onset. This was a measure of the amount to which subjects responded to the sudden shift in the visual cursor.
The time course of the force response during the visuomotor discrepancy experiment was examined for each day of experiment 2. Each of the five perturbations or probe trials was applied randomly within each block of 15 trials during the experiments. Therefore an estimate of the force response magnitude can be made for each block of 15 trials. The speed at which these visually induced motor response magnitudes adapt as subjects proceeded from the normal environment (prenormal) to either the task-relevant or task-irrelevant environment and then again back to the normal environment (postnormal) can then be determined. The difference in the force response between the left and right visual perturbations was determined for each block of 15 trials where one of each type of visual perturbation was applied. These were determined for each subject separately for each block of trials. For the main study, the first 14 blocks (the first 215 trials), where data for all subjects existed, was used. For the control condition, the first 20 blocks (305 trials) were used. To examine whether the magnitude of the response was affected by learning within a condition, and to see whether the response was immediately changed as subjects went from one condition to another, the force response on the first block and the last three blocks for each condition within a single day were examined (except for the first block in the prenormal condition) with an ANOVA. If a significant main effect of block (five levels) was found, a Tukey's HSD post hoc test was used to examine whether significant differences existed between different blocks.
Results
Subjects performed reaching movements while holding the handle of a robotic manipulandum ( Fig. 1 A) . On random trials dur-ing normal reaching movements subjects were presented with a visual perturbation of the hand cursor while the hand itself was mechanically constrained to move within a channel to the target. These perturbations occurred either to the left or right of the hand trajectory early or late in the movement (Fig. 1 B) . On these trials the response to the visual perturbation ( Fig. 2 A) was measured by the force exerted against the channel wall (Fig. 2 B) . A rightward visual perturbation of the hand led to subjects generating a force into the leftward wall of the channel. This response is oriented in the appropriate direction to compensate for the movement of the hand had it been physically moved. The opposite response was seen in response to a leftwards visual perturbation. To quantify these responses, the differences between the force response to leftward and rightward visual perturbations were calculated, showing a clear motor response to the visuomotor perturbation (Fig. 2C) .
To examine the onset time of this response, the difference in the response (force and EMG) between the right and left visual perturbations was determined for all trials. By averaging across all trials, the onset time for each subject was estimated. The onset time (averaged across early and late perturbations) of the response Ϯ SD was 151.5 Ϯ 8.0 ms in the force (Fig. 3A) , 108.3 Ϯ 12.8 ms in the pectoralis major ( Fig. 3B ) and 112.7 Ϯ 13.7 ms in the posterior deltoid ( Fig. 3C ).
Experiment 1: timing of voluntary response
To examine whether this response is reflex or voluntary in nature we performed a voluntary response experiment. Subjects were asked to make reaching movements with visual perturbations interspersed randomly on 40% of the trials. Subjects were instructed that if they saw a visual perturbation they should react as fast as possible by producing a movement in the same direction as the perturbation (Fig. 1C ). However, before the voluntary response, subjects produced an initial force in the opposite direction ( Fig. 4 A, B) . This is the direction which would act to restore the hand back toward the original trajectory. Similar responses were seen in both the pectoralis major ( Fig. 4C ) and Posterior deltoid ( Fig. 4 D) muscles with an earlier onset. The time of the voluntary response was estimated for each subject. The mean response times (Ϯ SD) were 324 Ϯ 76 ms from the onset of the visual perturbation in the force and 232 Ϯ 38 ms from the onset of the visual perturbation in the EMG. Across all subjects no voluntary response was seen before 185 ms in the EMG and 232 ms in the force from the onset of the visual perturbation.
To confirm that the early response was consistently seen across all subjects, the mean response was estimated between 130 and 230 ms (force) and between 90 and 180 ms (EMG) after the onset of the perturbation. These responses were compared with the baseline measure estimated over another 100 ms interval occurring before any response in the signals (Ϫ50 -50 ms) using a one tailed paired t test. For both the early and late visual perturbations there was a significant force response occurring before the voluntary response and in the opposite direction (early: t (9) ϭ 3.8, p ϭ 0.004; late: t (9) ϭ 7.0, p Ͻ 0.001). Similar changes in the muscle activity relative to baseline were also seen in the pectoralis major (early: t (8) ϭ 2.0, p ϭ 0.041; late: t (8) ϭ 2.2, p ϭ 0.031) and the posterior deltoid (early: t (8) ϭ 3.9, p ϭ 0.002; late: t (8) ϭ 3.9, p ϭ 0.002).
Experiment 2: effect of visual environment on visually induced motor response
To examine if the magnitude of the visually induced motor response could be modulated by the statistics of the task, subjects performed movements in two different distributions of visuomotor discrepancies (Fig. 1 D) . In one condition subjects experienced a task-relevant set of discrepancies ( Fig. 1 D, middle) in which a visuomotor discrepancy of random size was introduced midway through the movement and maintained until the end of the movement. This required subjects to adapt their trajectory to reach the target. In a second condition ( Fig. 1 D, right) , a visuomotor discrepancy of random size was introduced midway through the movement. This discrepancy was transitory; therefore subjects could ignore the discrepancy and still reach the target. Both before and after these discrepancies, subjects made reaching movements under veridical visual feedback where their hand path was roughly straight ( Fig. 5 A, B, left) .
In the task-relevant environment, subjects compensated for the shifts in visual trajectory by moving the hand to the left or right so that the cursor was correctly positioned within the target ( Fig. 5 A, B, middle) . In the task-irrelevant condition, subjects learned to ignore the visual discrepancy and make smooth straight movements to the target similar to those performed in the normal condition ( Fig. 5 A, B, right) . To examine how quickly subjects were able to adapt to the visual discrepancies, two measures were examined. The first was the time, from the onset of the discrepancy, that it took subjects to reach the target. The second was the maximum perpendicular distance that the hand deviated from the line joining starting and target location. In the taskrelevant condition subjects quickly responded to the visual discrepancy (Fig.  5C,E ) thereby reducing the time taken to move the cursor into the target. In the task-irrelevant condition, both measures demonstrate that subjects initially responded to the shift in the cursor (in the first block of six movements) but quickly learned to ignore the shift in the cursor trajectory and move directly to the target ( Fig. 5 D, F ) .
While subjects performed reaching movements, probe trials containing a quick visual perturbation were randomly interspersed to elicit the visually induced motor response and determine whether the magnitude of the response varied depending on the visual environment. The difference in the force response to these visual perturbations to the left and right of the trajectory was calculated for both the early and late perturbations (Fig. 6) . To examine whether the size of the reflex response in the task-relevant environment ( Fig. 6 A) had been modified, the mean force response over the early interval before the possible onset of voluntary activity (180 -230 ms from the onset of the visual perturbation) was calculated for all conditions ( Fig. 6 D) . A one-way repeated measure ANOVA was performed with 6 levels (3 visual environments (pre normal, task-relevant, post normal) ϫ 2 perturbation times (early, late)) was performed to examine if different responses were produced in the different environments. After a significant main effect (F (5,49.9) ϭ 14.405; p Ͻ 0.001) was found, post hoc tests (Tukey's HSD) were used to examine differences between the visual environments and perturbation times. For the early perturbation, the force response in the task-relevant visual environment was larger than the responses in either the pre (normal) condition ( p Ͻ 0.001) or the post (normal) condition ( p Ͻ 0.001). However, the response in the pre and post conditions were not significantly different from each other ( p ϭ 0.97). The early perturbation occurred before the onset of the visual discrepancies in the modified visual environments; however the response in the task-relevant environment was still enhanced with respect to the preceding normal condition. A similar response was seen during the late perturbation. The task-relevant condition was found to have a significantly greater response than the pre ( p Ͻ 0.001) or post ( p Ͻ 0.001) visual conditions which were not significantly different from each other ( p ϭ 0.98). The post hoc tests were also used to contrast the force response to the early and late perturbations for each visual environment. The response to the late perturbation was significantly larger than that to the early perturbation in the task-relevant environment ( p Ͻ 0.001), but no differences in the responses between the early and late perturbations were found in either the pre ( p ϭ 0.97) or post ( p ϭ 0.98) environments. This demonstrates that the reflex response to the visual perturbations was modified with spatial specificity such that the response during the latter half of the movement, where the task-relevant discrepancies were present, was larger than that in the first half of the movement. In contrast to the task-relevant condition, the force response during the taskirrelevant condition did not increase relative to the normal condition responses (Fig. 6 B) . The mean response over an early interval before any voluntary response (180 -230 ms from the onset of the visual perturbation) was examined using a oneway repeated measure ANOVA with 6 levels (3 visual environments (pre normal, task irrelevant, post normal) ϫ 2 perturbation times (early, late)) ( Fig. 6 E) . After a significant main effect (F (5,46.9) ϭ 4.671; p ϭ 0.002), post hoc tests (Tukey's HSD) were used to examine differences between the visual environments and perturbation times. The only difference in the reflex responses between any of the three visual environments in the early perturbations was a significant decrease between the pre and post normal environments ( p ϭ 0.01). However, for the late perturbation, no significant differences were found for any of the three environments ( p Ͼ 0.53). There were also no significant differences between the reflex responses to the early and late perturbations in the pre ( p ϭ 0.76), task-irrelevant ( p ϭ 0.055), or post ( p ϭ 0.055) environments.
The same analysis was also performed for the responses in the double sized task irrelevant condition (Fig. 6C,F ) . After a significant main effect (F (5,45.2) ϭ 11.155; p Ͻ 0.001), post hoc tests (Tukey's HSD) were used to examine differences between the visual environments and perturbation times. The force response in the double sized task-irrelevant visual environment was smaller than the responses in either the pre (normal) condition or the post (normal) conditions for both the early ( p Ͻ 0.001) and late perturbations ( p Ͻ 0.001). Similarly, there was a significant decrease between the pre and post normal conditions for both the early ( p ϭ 0.008) and late perturbations ( p ϭ 0.008). The post hoc tests were also used to contrast the force response to the early and late perturbations for each visual environment. The response to the late perturbation was significantly larger than that to the early perturbation in the pre (normal) environment ( p ϭ 0.048) and post normal environment ( p ϭ 0.048), but no differences in the response between the early and late perturbations were found in the double-sized task-irrelevant environment ( p ϭ 0.37). Overall, these results indicate that the involuntary response to the visual perturbation was suppressed during movements in the task-irrelevant condition when the visual discrepancies were large enough.
Finally, we examined the time course of the changes in the response. The mean force response across all subjects was calculated block by block throughout the experiment. This was performed either for the first 14 blocks of perturbation trials in the main study or for the first 20 blocks in the control condition (double-sized task-irrelevant condition) ( Fig. 7) where data existed for all subjects. For each of the three experimental days (task-relevant, task-irrelevant, or double-sized task irrelevant), we compared the size of the force responses in the first and last three blocks (12th, 13th, and 14th blocks) of each of the three conditions (with the exception of the first block in the initial prenormal condition). These were contrasted using a repeated measures ANOVA with a main factor of block (five levels) for the response before the onset of voluntary reaction. Within the first block of perturbations in the task-relevant condition, the force response increased, relative to the level in the pre normal condition, and remained at a high level throughout the entire condition. When subjects returned back to the normal (post) condition, the force response in the first block of trials was similar to the level in the task-relevant condition but gradually returned to baseline levels. After a significant main effect (F (4,95) ϭ 18.255; p Ͻ 0.001), Tukey's HSD post hoc test indicated two homogeneous groups. The first contained the final blocks in the pre and post normal conditions which were not significantly different from each other ( p ϭ 0.981). The second contained the first and final three blocks in the task-relevant condition as well as the first block in the final normal condition (post). These three blocks were not significantly different from each other ( p Ͼ 0.995) but significantly different from the other two blocks ( p Ͻ 0.001). These results indicate two interesting findings. First, that on the first block of trials within the task-relevant condition, subjects had already adapted the response and no further learning effects are seen. Second, that when subjects were moved back in to the normal condition, the response in the first block of trials was not significantly different from that within the task-relevant con-dition. The reduction in the response occurs slower than the increase in the response.
In the task-irrelevant condition there was no change in the response to the visual perturbation (Fig. 7B) . Instead, throughout the entire experiment, the force response appeared to gradually decrease. We compared the size of the force responses in the first and final three blocks (12th, 13th, and 14th blocks) of the conditions using an ANOVA with a main factor of block (five levels). We found no significant main effect of block (F (4,92) ϭ 0.779; p ϭ 0.54) indicating that there were no significant changes across the conditions.
When subjects made movements in the double sized task-irrelevant environment, the response to the visual perturbation gradually decreased (Fig. 7C ). Upon the removal of the visual discrepancy, when subjects moved again in the (post) normal condition, the force response gradually increases. We compared the size of the force responses in the first and final three blocks (12 th , 13 th , and 14 th blocks) of the conditions using an ANOVA with a main factor of block (5 levels). After a significant main effect was found (F (4,96) ϭ 5.197; p ϭ 0.001), Tukey's HSD post hoc test indicated two significantly different groups. The first contained the final blocks in the pre and post normal conditions, which were not significantly different from each other ( p ϭ 0.61). The second contained the final three blocks in the double-sized taskirrelevant condition, which was significantly different from both the final blocks in the pre normal condition ( p ϭ 0.044) and from the final blocks in the post normal condition ( p Ͻ 0.001). These results illustrate that in the large amplitude taskirrelevant conditions the force response to the visual perturbations is gradually suppressed. However when the visual discrepancies are removed, the force response gradually increases back to the original levels.
Discussion
The results of this study provide clear evidence that the brain responds to shifts in the visual location of the hand during movement by producing a reflexive motor response to restore the hand back toward the original trajectory. This reflexive response occurs with a 110 ms delay in the muscle activation and a 150 ms delay in the force at the hand. We also demonstrate that the magnitude of this reflex response is affected by the statistical properties of the visual environment in which subjects move. When the visual motor discrepancies were task-relevant, the magnitude of the reflex response was enhanced. Moreover, the response increased in a spatially localized way to the region in Before the voluntary response at ϳ350 ms, the opposite response, producing a force in opposition to the visual perturbation is seen. B, The difference between the left and right force traces. The response, determined over a 100 ms interval from 130 ms to 230 ms after the onset of the perturbation, was compared with the baseline, determined using a 100 ms interval from Ϫ50 to 50 ms as shown by the shaded regions. The mean response Ϯ SD (error bars) across all subjects are shown to the right in the bar graph. The p values for any significant effects using a one tailed t test are indicated. C, The difference in the activity of the pectoralis major muscle between the visual perturbations to the left and right.
Mean responses compared the response in the interval 90 -180 ms to the baseline interval from Ϫ50 to 50 ms. The averaged rectified EMG was low-pass filtered at 100 Hz (fifth order Butterworth) for display purposes. D, The difference in the posterior deltoid muscle between the visual perturbations to the left and the right.
which task-relevant variability was introduced. In contrast, when faced with taskirrelevant variability, the size of the visually induced motor reflex was suppressed. The perturbation of the hand representation in these experiments produced a motor response with similar latency to previous studies: 160 ms (Saunders and Knill, 2003) and 117 ms (Saunders and Knill, 2005) to changes in position and ϳ125 ms to changes in velocity (Brenner and Smeets, 2003) . Similar latencies were also found in response to shifts of the target: 150 ms (Brenner and Smeets, 2003) , 110 ms (Brenner and Smeets, 1997) , 115 ms (Prablanc and Martin, 1992) , and shifts of the background: 126 ms (Saijo et al., 2005) . These latencies are generally faster than what would be associated with a voluntary response to the stimuli. By using a task, similar to one used previously (Day and Lyon, 2000) , where subjects are asked to respond in the opposite direction to the normal response to the stimuli we determined the fastest possible voluntary response to the visual perturbation. The earliest distinguishable response in any of the 10 subjects occurred at 185 ms in the EMG and 232 ms in the force relative to the onset of the visual perturbation. Before this time, the early corrective responses to the visual perturbation opposing the perturbation were not suppressed. Similar responses for perturbations of the target during the reaching movement have been found (Day and Lyon, 2000) , although the onset of the voluntary response to the target displacement occurred earlier than we found for the hand representation, with an average delay of 200 ms following the shift in target. It has been shown that subjects tend to focus their vision on the target or features of the environment coming up in the movement, rather than focusing upon the hand itself during the movement (Abrams et al., 1990; Johansson et al., 2001) , which could explain the longer delay before voluntary responses were seen to shifts in the hand representation compared with shifts in the target. Overall, these results suggest that the visually induced motor response to the shift in the hand position is a fast involuntary response of the motor system acting to correct for errors in limb movements. This is the first demonstration that the fast motor responses to perturbations of the visual representation of the hand are involuntary in nature.
It is not yet clear whether this rapid motor response to the visual location of the hand is produced by the same neural circuits responsible for rapid motor responses to the target Day and Lyon, 2000) , background (Saijo et al., 2005; Gomi et al., 2006) or even visual targets (Corneil et al., 2004 (Corneil et al., , 2008 . However, several studies have suggested that the motor response to a shift in the target is produced by a comparison of the current target location to the expected location of the hand Pélisson et al., 1986; Prablanc et al., 1986; Prablanc and Martin, 1992) , where the prediction would be based upon either visio-kinesthetic feedback loops, forward models of the hand based on efference copy, or combinations of these processes. If responses to the shift in target are produced by a comparison of the expected hand position with the target position, then it could be expected that the current reflex response to a shift in the visual location of the hand uses the same neural circuits.
We investigated whether the motor system controls the magnitude of this involuntary response based on the statistical properties of the environment. Previous research has shown that the CNS integrates sensory information from different sensory modalities in an optimal manner weighting each modality depending on its reliability (van Beers et . Kinematic measures in the visuomotor discrepancy experiment. A, The mean cursor trajectories for the seven different trajectories for a single subject (normal condition: green; task-relevant condition: red; task-irrelevant condition: blue). B, The mean hand trajectories for the same movements are shown for the same subject. C, Time to move to the target from the onset of the visual discrepancy in the task-relevant condition and the two normal conditions run on the same day. The mean (solid line), SEM (dark shaded region), and SD (light shaded region) are shown across all subjects for blocks of six movements. D, Time to move into the target from the onset of the visual discrepancy in the task-irrelevant condition and the two normal conditions run on the same day. E, Maximum perpendicular displacement to the straight trajectory during the task-relevant condition. The maximum displacement was determined from the time of visual discrepancy onset. F, Maximum perpendicular displacement during the task-irrelevant condition. . This suggests that the CNS has some measure of the reliability of the sensory information which it is processing. In addition, optimal feedback control predicts that feedback is controlled to correct for disturbances that affect task success (Todorov and Jordan, 2002; Todorov, 2004; Liu and Todorov, 2007; Scott, 2008) . We show that the reflex response under task-relevant variability exhibits a greater magnitude compared with the normal movements. Conversely under the larger task-irrelevant variability, the reflex response was decreased compared with the normal environments.
In the task-relevant condition, the reflex response to the late perturbation was significantly larger than that to the early perturbation. However, there were no differences in the response to these perturbations in the normal visual condition. This suggests that the increase for the late perturbation in the task-relevant condition does not simply reflect a nonspecific increase in the feedback gain throughout the movement but a spatially selective increase. The task-relevant visual discrepancies were applied only through the latter half of the movement, and it appears that the visuomotor reflex response was increased to a larger degree for this portion.
While the second experiment demonstrated that the reflex magnitude is adapted depending upon the task, the reflex response was still present during the first experiment where subjects were asked to respond in the same direction as the visual perturbation. However during these probe trials the lateral position of the hand was constrained by the mechanical channel. Previous work has shown that de-adaptation to force fields is slowed during these channel trials (Scheidt et al., 2000) and it appears that the mechanical channel may have also limited any adaptation of the reflex in these trials. During the second experiment where adaptation was found, the hand was free to move on Figure 6 . Steady state motor responses to the visual perturbation. A, The mean force response to the early (right) and late (left) visual perturbations in the normal and task-relevant visual environments across all subjects. Responses in the first five blocks in each condition were not included. The response in the initial normal environment (pre; solid green line), task-relevant visual environment (red line), and the final normal environment (post; dotted green line) are shown as a function of time from the onset of the visual perturbation. B, The mean force response to the early (right) and late (left) visual perturbations in the normal (green lines) and task-irrelevant (cyan line) visual environments. C, The mean force response to the early (right) and late (left) visual perturbations in the normal (green lines) and double sized task-irrelevant (blue line) visual environments. D, The mean force response Ϯ SD over an early interval (180 -230 ms) for the task-relevant day. Statistical significant differences between the conditions were tested using Tukey's HSD post hoc test (*p Ͻ 0.05; **p Ͻ 0.001). E, The mean force response Ϯ SD over an early interval (180 -230 ms) for the task-irrelevant day. F, The mean force response Ϯ SD over an early interval (180 -230 ms) for the doubled sized task-irrelevant day.
the majority of trials so that the any corrections assisted by or errors induced by the visuomotor response could be detectable and attributable. This may indicate that the gain of the feedback response is trained by the errors in the hand position at the end of trials.
The rate of adaptation of the reflex magnitude showed a striking asymmetry. On the introduction of task-relevant variability the magnitude of the reflex response plateaued within the first block of trials. However, on the removal of task-relevant variability the change in magnitude took several blocks to return to baseline. We can interpret this asymmetry in terms of the CNS detecting changes in the environment. For example, it has been suggested that the CNS has different mechanism for determining expected and unexpected uncertainty (Yu and Dayan, 2005) . There is natural variation in the perceived location of the hand due to noise in the visual and proprioceptive system and such variability is expected. However, on the introduction of our taskrelevant variability, the visual location of the hand would fall outside the normal statistical range thus reflecting unexpected uncertainty triggering an increase in reflex magnitude. Similar fast changes to variations in the statistics of the external world have previously been reported in the fly visual system (Brenner et al., 2000; Fairhall et al., 2001) . However, on the removal of the discrepancies, the trials fall within the variability expected during the task-relevant discrepancy trials and therefore reflect expected uncertainty. Only over time will the CNS be able to realize that the variance of the visuomotor discrepancy has reduced thereby leading to a reduced response. Similar asymmetry has been seen in learning task distributions Miyazaki et al., 2005) . Therefore we expect, as we find, a quick adaptation from low to high variance conditions but a slow adaptation from high to low variance conditions. Previous studies examining reflex responses have found that the gain of a reflex response is adapted by the CNS. However, in all previous cases the change in the reflex gain was seen either under a fixed change in the environment (Hammond, 1956; Nashner, 1976; Robinson, 1976; Miles and Eighmy, 1980; Dufresne et al., 1980; Rothwell et al., 1980; Akazawa et al., 1983; Horak and Nashner, 1986; Lacquaniti and Maioli, 1987; Llewellyn et al., 1990; De Serres and Milner, 1991; Lacquaniti et al., 1991 Lacquaniti et al., , 1992 Doemges and Rack, 1992a,b; Johnson et al., 1993; Fitzpatrick et al., 1994; Pearson and Misiaszek, 2000; Franklin et al., 2007) or for a different state of the body Soechting, 1984, 1986a,b; Brown and Kukulka, 1993; Zehr et al., 2003; Kurtzer et al., 2008) . Our task, however, did not have a fixed change in the environment or a change in the state of the body. For both the task-relevant and task-irrelevant conditions, there were discrepancies between the actual hand position and the representation of the hand position, both with a mean of zero. However, in the task-relevant condition, the visual information is a reliable estimate of the final error whereas in the task-irrelevant condition the visual discrepancy simply increases the unreliability of the visual signal. This is the first demonstration that the CNS modulates the reflex magnitude depending on statistical properties of the environment when such changes are task relevant. Figure 7 . Time course of the adaptation to the statistical distributions. A, The mean (solid line) Ϯ SD (shaded region) force difference between right and left visual perturbations in the pre normal, task-relevant and post normal conditions across subjects. The force difference was determined for each block of 15 trials in which one of each perturbation direction was included. The mean force response was estimated over the period from 180 to 230 ms after the onset of the perturbation, before the timing of a voluntary response. The symbols, † and §, indicate membership in homogeneous groups which were significantly different from each other ( p Ͻ 0.05) as determined by the Tukey's HSD post hoc test. B, The mean force difference between the right and left visual perturbations during the pre normal, task-irrelevant and post normal visual conditions. Responses have been quantified over the interval 180 -230 ms relative to the onset of the visual perturbation. C, The mean force difference between the right and left visual perturbations during the pre normal, double sized task-irrelevant and post normal visual conditions over the interval 180 -230 ms after the onset of the visual perturbation.
